We analyze the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons in a parton model. Quark and antiquark correlation functions are expressed in terms of possible combinations of Lorentz vectors and pseudovectors with the constrains of Hermiticity, parity conservation, and time-reversal invariance. Then, we find tensor polarized distributions for a spin-1 hadron.
I. INTRODUCTION
Spin structure of the proton has been studied extensively. Although it is not still obvious how to interpret the proton spin in terms of partons, it is important to test our knowledge of spin physics by using other observables. The spin structure of spin-1 hadrons is a good example. In particular, tensor structure exists for the spin-1 hadrons as a new ingredient.
However, it is not clear at this stage how to describe it in a parton model although there are some initial studies [1] [2] [3] [4] . In this sense, the studies of spin-1 hadrons should be a challenging experience.
On the other hand, the Relativistic Heavy Ion Collider (RHIC) will be completed soon and new proton-proton (pp) polarization experiments will be done. As a next-generation project, the spin-1 deuteron acceleration may be possible [5] . With this future project and others [6] in mind, we have completed general formalism for the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons in Ref. [7] . It was revealed that 108 structure functions exist in the reactions and that the number becomes 22 after integrating the cross section over the virtual-photon transverse momentum Q T or after taking the limit Q T → 0.
The purpose of this paper is to clarify how these structure functions are related to the parton distributions in the colliding hadrons. In a parton model, it is known that the unpolarized distribution f 1 (or denoted as q), the longitudinally polarized one g 1 (∆q), and the transversity one h 1 (∆ T q) are studied in the pp Drell-Yan processes. In addition to these, the tensor distribution b 1 (δq) should contribute to our Drell-Yan processes. In the following sections, we obtain the cross section in the parton model and then discuss how b 1 is related to one of the structure functions in Ref. [7] . We also study how spin asymmetries can be expressed by the parton distributions.
First, the hadron tensor is obtained in the parton model by finding possible Lorentz vector and pseudovector combinations in section II. Then, the cross section is calculated by using the hadron tensor. Second, we derive the cross-section expression by integrating over Q T or by taking the limit Q T → 0 in section III. Third, using the Q T -integrated cross section, we express the spin asymmetries in terms of the parton distributions in IV. Finally, our studies are summarized in section V.
II. PARTON-MODEL DESCRIPTION OF THE DRELL-YAN PROCESS

A. Drell-Yan process
Parton-model analyses of the Drell-Yan process with spin-1/2 hadrons were reported by Ralston-Soper [8] , Donohue-Gottlieb [9] , and Tangerman-Mulders (TM) [10] . In order to clarify the difference from the spin-1/2 case, we discuss our Drell-Yan process along the TM formalism. We consider the following process A (spin 1/2) + B (spin 1)
where A and B are spin-1/2 and spin-1 hadrons, respectively. They could be any hadrons;
however, realistic ones are the proton and the deuteron experimentally. The description of this paper can be applied to any hadrons with spin-1/2 and spin-1.
Although the formalism of this subsection is discussed in Ref. [10] , we explain it in order to present the definitions of kinematical variables and functions for understanding the subsequent sections. The cross section is written in terms of the lepton tensor L µν and the hadron tensor W µν as [7] dσ
where α = e 2 /(4π) is the fine structure constant, s is the center-of-mass energy squared s = (P A +P B ) 2 , Q is the total dilepton momentum, and Ω is the solid angle of the momentum k ℓ + − k ℓ − . The hadron and lepton masses are neglected in comparison with s and Q 2 :
In order to compare with the TM results, we use the same notations as many as we can. Three vectorsx µ ,ŷ µ , andẑ µ are defined aŝ
where X µ , Y µ , and Z µ are given in Ref. [7] . In the same way,Q is defined bŷ
It is convenient to introduce the lightcone notation a = [a − , a + , a T ], where
The transverse vector a T = [0, 0, a T ] is projected out by 
+ sin 2 θ sin 2φx {µŷν} + sin 2θ cos φẑ {µxν} + sin 2θ sin φẑ
where θ and φ are polar and azimuthal angles of the vector k ℓ + − k ℓ − , and the notation
The hadron tensor is given by
where J µ is the electromagnetic current, and the hadron momenta and spins are denoted as P A , P B , S A , and S B . The analysis of the hadron tensor is more complicated than the one in deep inelastic lepton-hadron scattering because it contains the currents with two-hadron states. The leading lightcone singularity originates from the process that a quark emits a virtual photon, which then splits into ℓ + ℓ − . However, it does not contribute to the cross section significantly because the quark should be far off-shell [11] . The dominant contribution comes from quark-antiquark annihilation processes. In the following, we discuss the hadron tensor and the cross section due to the annihilation process: Fig. 1 . Of course, the opposite processq(in A)+q(in B)→ ℓ + + ℓ − should be taken into account in order to compare with the experimental cross section. Its contribution is included in discussing the spin asymmetries in section IV. The first process contribution to the hadron tensor in Eq. (2.9) is
where k a and k b = kā are the quark and antiquark momenta, the color average is taken by the factor 1/3 = 3 · (1/3) 2 , and e a is the charge of a quark with the flavor a. The correlation functions Φ a/A andΦā /B are defined by [8] Φ
Link operators should be introduced in these matrix elements so as to become gauge invariant [10] although they are not explicitly written in the above equations. It is also known that they become identity in the lightcone gauge. In any case, such link operators do not alter the following discussions of this paper in a naive parton model. Figure 1 suggests that the hadron tensor could be written by a product of quark-hadron amplitudes. However, the matrix indices in the trace of Eq. (2.10) look like [ψ
which is not in a separable form. A Fierz transformation [12] is used so that the index summations are taken separately in the hadrons A and B. Using the relation 12) we factorize the hadron tensor as
14) As it is obvious from Eq. (2.13), we do not address ourselves to the higher-twist terms.
Because the Drell-Yan process of spin-1/2 and spin-1 hadrons is not investigated at all in any parton model, we first discuss the leading contributions in this paper. We found 108 (22) structure functions in general (after integration over Q T ), and most of them are related to the higher-twist physics as it becomes obvious in the later sections of this paper. Although it is interesting to study the higher-twist terms [13] , we leave this topic as our future project.
B. Correlation functions and parton distributions
The hadron tensor is expressed by the correlation functions in Eq. (2.10). We expand them in terms of the possible Lorentz vectors and pseudovectors. The correlation function Φ(P S; k) is a matrix with sixteen components, so that it can be written in terms of sixteen 4 × 4 matrices [12] :
Because the spin-1/2 hadron case was already discussed in Refs. [8] [9] [10] , we investigate the correlation function for a spin-1 hadron. We discuss it in the frame where the spin-1 hadron is moving in the z direction. Because the z cm direction is taken as the direction of the hadron A momentum in Ref. [7] , it could mean that we assume the hadron A as if it were a spin-1 hadron in this subsection. Of course, appropriate spin-1/2 and spin-1 expressions are used for the hadron A and B, respectively, in calculating the hadron tensor and the cross section. The correlation function is expanded in terms of the matrices of Eq. (2.16) together with the possible Lorentz vectors and pseudovector: P µ , k µ , and S µ . However, these combinations have to satisfy the usual conditions of Hermiticity, parity conservation, and time-reversal invariance. In finding the possible combinations, we should be careful that the rank-two spin terms are allowed for a spin-1 hadron. The reader may look at Ref. [7] for the detailed discussions on this point. Considering these conditions, we obtain the possible Lorentz scalar quantities. Then, the coefficient A i is assigned for each term:
For simplicity, the subscripts a and A in Φ, momenta, momentum fraction, spin, and helicity are not written in this subsection. The spin dependent factors (k · S) 2 and k · S / S do not exist in a spin-1/2 hadron, so that the terms A 10 , A 11 , A 12 , and A 13 are the additional ones to the spin-1/2 expression in Ref. [10] . It means that the interesting tensor structure of the spin-1 hadron is contained in these new terms.
With 
The traces of the lightcone γ matrices are
Therefore, the trace T r(γ + / P ) becomes T r(γ + / P ) = 4P + . Then, introducing the momentum fraction x and the helicity λ by k + = xP + and S + = λP + /M, we obtain
where M is the hadron mass. This equation is written as
with the parton distributions
Because the integration variable 2k·P is constrained by the relation k
0, it is of the order of 1 despite P + ∼ O(Q). In addition to the usual unpolarized parton distribution f 1 , there appear new distributions b 1 and c 1 which do not exist for a spin-1/2
hadron. The correlation function Φ[γ + ] can be also expressed by the quark probability density P(x, k T ) according to Ref. [10] :
Integrating over the transverse momentum k T , we obtain
where the relation λ 2 + | S T | 2 = 1 is used and the functions P(x), f 1 (x), and b 1 (x) are defined by
It is obvious from the spin combination in Eq. (2.25) that b 1 is related to the tensor structure. Equation (2.25) means that the b 1 distribution is given by
Indeed, this definition of the tensor distribution agrees with the one in the lepton-deuteron studies [2] . On the other hand, c 1 should be related to the intermediate polarization according to Ref. [7] . This distribution has never been discussed as far as we are aware, so that it is simply named c 1 . This is a brand-new one in this paper. The interesting point of this distribution is that it cannot be measured by the longitudinally and transversely polarized reactions. The optimum way of observing it is to polarize the spin-1 hadron with the angles 45
• and 135
• with respect to the hadron momentum direction. It is not unique to express c 1 in terms of P(x, k T ). For example, it is written by the distributions in the intermediate polarizations I 1 and I 3 of Ref. [7] as The other correlation functions are calculated in the same way; however, the results are the same as those in Ref. [10] :
Here, λ(x, k T ) and s i T (x, k T ) are the quark helicity and transverse polarization densities.
The longitudinally and transversely polarized distributions are given as
Because the explanations were given for the g 1 and h 1 distributions in Ref. In calculating the Drell-Yan cross section, the antiquark correlation function should be also expressed in terms of the antiquark distributions. It is obtained by using the chargeconjugation property [10, 14] . The antiquark correlation function in the hadron A is related to the quark one in the antihadronĀ by the charge-conjugation matrix C = iγ 2 γ 0 :
where the superscript T indicates the transposed matrix. Because the quark distribution in the antihadron is equal to the antiquark distribution in the hadron, the antiquark correlation functions is expressed as
Furthermore, the anticommutation relations for fermions indicateΦ ij (P S; k) = −Φ ij (P S; −k), so that the distributions satisfy the relation and it is associated with the tensor structure of the spin-1 hadron. On the other hand, the c 1 distribution is related to the intermediate polarization of Ref. [7] and it could be associated with higher-twist physics. The other longitudinally and transversely polarized distributions exist in the same way as those of a spin-1/2 hadron.
C. Structure functions and the cross section
Because the correlation functions in Eq. (2.13) are calculated, the hadron tensor can be expressed in terms of the parton distributions. Neglecting the higher-twist contributions,
we write the hadron tensor as
(2.34)
The correlation functions in the previous subsection are substituted into the above equation.
Then, the integrals over k aT and k aT are manipulated by using the equations in Appendix of Ref. [10] . The calculations are rather lengthy particularly in the transverse h 1 part.
However, because the g 1 and h 1 portions are the same as the ones in a spin-1/2 hadron [10] and the calculations of f 1 , b 1 , and c 1 terms are rather simple, we do not explain the calculation procedure. Noting that the b 1 and c 1 terms do not exist for the spin-1/2 hadron A, we obtain
(2.35)
The structure functions are expressed by the integral
First, the unpolarized structure function is given by
where the subscript T of W T corresponds to the index combination of (0, 0) − (2, 0)/3 in the expressions of Ref. [7] . The structure functions associated with the factors −g 
The superscripts U, Q 0 , and Q 1 indicate the unpolarized state U, quadrupole polarization Q 0 , and quadrupole polarization Q 1 , respectively [7] . For example, V
indicates that the hadron A is unpolarized and B is polarized with the quadrupole polarization Q 1 . The longitudinal-transverse structure functions are
In the Drell-Yan process of identical hadrons, the structure functions V T L and U T L are equal to V LT and U LT . However, they are different in our reactions, so that both types are listed.
The transverse structure functions are 
, and U T T 2,2 cannot be measured independently. Only the combinations V
, and
/2 can be studied experimentally. In our previous paper [7] , term may seem to contribute to the unpolarized cross section, it is canceled out by the other UQ 0 -type terms in taking the spin average.
III. Q T INTEGRATION AND THE LIMIT Q T → 0
Because the 108 structure functions are too many to investigate seriously and many of them are not important at this stage, the cross section is integrated over Q T or it is calculated in the limit Q T → 0 [7] . There exist 22 structure functions in these cases, and they are considered to be physically significant. On the other hand, the cross section of Eq. (2.42) is obtained at finite Q T . In order to compare with the results in Ref . [7] , we should investigate the parton-model cross section by taking the Q T integration or the limit
A. Q T -integrated cross section
First, we discuss the integration of the cross section over Q T . If the hadron tensor Eq.
(2.34) is integrated over Q T , the delta function δ 2 ( k aT + k bT − Q T ) disappears. It means that the integrations over k aT and k bT can be calculated separately. Then, the integrals with odd
be used any longer in expanding, for example, the integral
in terms of the possible Lorentz-vector combinations. We calculate the hadron tensor in the similar way with the one in section II C. However, the calculations are much simpler because we do not have to take into account Q µ T . It does not make sense to explain the calculation procedure again, so that only the final results are shown in the following.
The Q T -integrated hadron tensor is expressed as
and in the same way for the structure functions. Then, the hadron tensor becomes
where the structure functions are written in terms of the parton distributions as
The quark distributions are defined in the k T -integrated form as 5) and in the same way for the antiquark distributions. The other structure functions vanish by the Q T integration:
With the expression of the hadron tensor in Eq. (3.2), the cross section becomes
The tensor distribution b 1 contributes to the cross section through the structure function B. Cross section in the limit Q T → 0
The transverse momentum Q T is generally small in comparison with the dimuon mass Q.
It originates mainly from intrinsic transverse momenta of the partons, so that its magnitude is roughly restricted by the hadron size r: Q T < ∼ 1/r. In this respect, it makes sense to consider the limit Q T → 0 for finding the essential part.
The structure functions in Eqs. (2.37)−(2.41) should be evaluated in this limit. As an example, we show how to take the limit for V U Q 0 (2) T in Eq. (2.39). The integration variables k aT and k bT in Eq. (2.36) are changed for k T and K T , which are defined by k T = ( k aT − k bT )/2 and K T = k aT + k bT . Then, the delta function is integrated out and the structure function is expressed as
where the function I 0 is defined by 
The following ones vanish in the Q T → 0 limit:
The hadron tensor is expressed by the finite structure functions as
we obtain the cross section as
(3.14)
Even though V
is finite, it does not contribute to the cross section. It is canceled out by the term U
. As it is obvious from the results of this subsection and section III A, the expressions of the hadron tensors and the cross sections are slightly different in the Q T integration and in the Q T → 0 limit. 
IV. SPIN ASYMMETRIES AND PARTON DISTRIBUTIONS
We have derived the expressions for the Drell-Yan cross section in the parton model with finite Q T , Q T integration, and Q T → 0. Because the spin asymmetries are discussed in Ref. [7] in the latter two cases, they are shown in the Q T -integrated case as an example in this section.
In order to avoid confusing the f 1 , g 1L , and b 1 distributions with the structure functions F 1 , g 1 , and b 1 in the lepton scattering, they are expressed as
with the quark flavor a in this section. However, we should be careful about the notation δq because it is sometimes used for the transversity distribution. We use δq for the tensor distribution and ∆ T q for the transversity distribution. These polarized parton distributions are illustrated in Fig. 2 . As it is obvious from Eq. (2.29), the longitudinally polarized (transversity) distribution ∆q (∆ T q) is defined by the probability to find a quark with spin polarized along the longitudinal (transverse) spin of a polarized hadron minus the probability to find it polarized oppositely. On the other hand, the tensor polarized distribution δq is very different from these distributions according to Eq. (2.27). It is not associated with the quark polarization as shown by the unpolarized mark • in Fig. 2 . It is related to the "unpolarized"-quark distribution in the polarized spin-1 hadron. The tensor distribution is essentially the difference between the unpolarized-quark distributions in the longitudinally and transversely polarized hadron states as it is given in Eq. (2.27).
In Ref. [7] , fifteen spin combinations are suggested . However, most of them vanish in the parton model by the Q T integration. There are only four finite structure functions, and three of them exist in the pp Drell-Yan processes. First, the unpolarized cross section is
Next, the longitudinal and transverse double spin asymmetries are 
The other asymmetries vanish
The only new finite asymmetry, which does not exist in the pp reactions, is the unpolarized-quadrupole Q 0 asymmetry A U Q 0 . In order to measure this quantity, we use a longitudinally and transversely polarized spin-1 hadron with an unpolarized hadron A.
Then, the quadrupole Q 0 spin combination [7] should be taken. The δq and δq distributions could be extracted from the asymmetry A U Q 0 measurements with the information on the unpolarized parton distributions q(x A ) andq(x A ) in the hadron A. If it is difficult to attain the longitudinally polarized deuteron in the collider experiment, we may combine the transversely polarized cross sections with the unpolarized one without resorting to the longitudinal polarization. Alternatively, the fixed deuteron target may be used for obtaining
There is an important advantage to use the Drell-Yan process for measuring δq over the lepton scattering. In the large Feynman-x (x F = x A − x B ) region, the antiquark distribution q a (x A ) is very small in comparison with the quark one q a (x A ). Then, the cross section is dominated by the annihilation process q(A) +q(B) → ℓ + + ℓ − , and the asymmetry becomes
. 
where M is the hadron mass, F Q (t) is the quadrupole form factor in the unit of 1/M 2 , and δQ sea is the antiquark tensor polarization, for example δQ sea = dx[8δū(x) + 2δd(x) + δs(x) + δs(x)]/9 for the deuteron. The first term of Eq. (4.7) vanishes, so that the difference from the sum rule dx b 1 = 0 could suggest a finite tensor polarization of the antiquarks.
Although the sum rule is valid within the quark model, the nuclear shadowing effects should be taken into account properly [4] as far as the deuteron is concerned. On the other hand, the antiquark tensor polarization δq could be studied independently by the Drell-Yan process.
As the violation of the Gottfried sum rule leads to the light antiquark flavor asymmetrȳ u =d and the difference was confirmed by the Drell-Yan experiments [15] , the antiquark tensor polarization could be investigated by both methods: the sum rule of Eq. (4.7) in the lepton scattering and the Drell-Yan process measurement. However, the advantage of the Drell-Yan process is that the antiquark distribution δq(x) is directly measured even though it is difficult in the lepton scattering.
Furthermore, the flavor asymmetry in the polarized antiquark distributions (∆ū = ∆d, ∆ Tū = ∆ Td ) could be investigated by combining pp and pd Drell-Yan data. It is particularly important for the transversity distributions because the ∆ Tū /∆ Td asymmetry cannot be found in the W ± production processes due to the chiral-odd nature.
In this way, we find that a variety of interesting topics are waiting to be studied in connection with the new structure functions for spin-1 hadrons. In particular, we have shown in this paper that the tensor distributions δq and δq could be measured by the asymmetry A U Q 0 in the Drell-Yan process of spin-1/2 and spin-1 hadrons. A realistic possibility is the proton-deuteron Drell-Yan experiment, and it may be realized, for example at RHIC [5] . In order to support the deuteron polarization project in experimental high-energy spin physics, we should investigate theoretically more about the spin structure of spin-1 hadrons.
V. SUMMARY
We The mark • indicates the unpolarized state.
